Wang HJ, Li YL, Zucker IH, Wang W. Exercise training prevents skeletal muscle afferent sensitization in rats with chronic heart failure. Am An exaggerated exercise pressor reflex (EPR) contributes to exercise intolerance and excessive sympathoexcitation in the chronic heart failure (CHF) state, which is prevented by exercise training (ExT) at an early stage in the development of CHF. We hypothesized that ExT has a beneficial effect on the exaggerated EPR by improving the dysfunction of muscle afferents in CHF. We recorded the discharge of mechanically sensitive (group III) and metabolically sensitive (group IV) afferents in response to static contraction, passive stretch, and hindlimb intra-arterial injection of capsaicin in shamϩsedentary (Sed), shamϩExT, CHFϩSed, and CHFϩExT rats. Compared with shamϩSed rats, CHFϩSed rats exhibited greater responses of group III afferents to contraction and stretch, whereas the responses of group IV afferents to contraction and capsaicin were blunted. ExT prevented the sensitization of group III responses to contraction or stretch and partially prevented the blunted group IV responses to contraction or capsaicin in CHF rats. Furthermore, we investigated whether purinergic 2X (P2X) and transient receptor potential vanilloid 1 (TRPV1) receptors mediate the altered sensitivity of muscle afferents by ExT in CHF. We found that the upregulated P2X and downregulated TRPV1 receptors in L4/5 dorsal root ganglia of CHF rats were normalized by ExT. Hindlimb intra-arterial infusion of a P2X antagonist attenuated the group III response to contraction or stretch in CHF rats to a greater extent than in sham rats, which was normalized by ExT. These findings suggest that ExT improves the abnormal sensitization of muscle afferents in CHF at least, in part, via restoring the dysfunction of P2X and TRPV1 receptors.
A HALLMARK of patients suffering from chronic heart failure (CHF) is sympathoexcitation and exercise intolerance (3, 7, 42, 48) . Even during moderate exercise, extreme activation of the sympathetic nervous system causes an exaggerated pressor response and hyperventilation. Although the mechanisms responsible for the increase in sympathetic outflow and exercise intolerance in CHF are not known, it has recently been suggested that this may be due, in part, to an exaggerated exercise pressor reflex (EPR) (8, 32, 39) .
The EPR is a peripheral neural reflex originating in skeletal muscle that contributes significantly to the regulation of the cardiovascular system during exercise. The afferent arm of this reflex is composed of metabolically sensitive (predominantly group IV, C-fibers) and mechanically sensitive (predominately group III, A-␦ fibers) afferent fibers (4, 15, 16, 24) . Evidence from animal studies has demonstrated that increases in heart rate (HR), arterial pressure (AP), and sympathetic nerve activity in response to activation of this reflex are enhanced in rats with CHF induced by myocardial infarction (MI) (20, 36, 38, 39) . In addition, these studies suggest that an enhanced mechanical component of this reflex (i.e., mechanoreflex) contributes to the exaggerated EPR in CHF, whereas the metaboreflex is blunted (21, 40, 41) . Furthermore, our recent study (46) showed that the an enhanced mechanoreflex and blunted metaboreflex are, at least in part, due to altered sensitivities of skeletal muscle afferents in the CHF state. This includes an increased sensitivity of mechanically sensitive (group III) afferents and a blunted sensitivity of metabolically sensitive (group IV) afferents. An exaggerated EPR-induced sympathoexcitation can potentially increase cardiovascular risk and contribute to exercise intolerance during physical activity in CHF patients (8, 32, 39) . A therapeutic strategy for preventing or slowing the progression of the exaggerated EPR may be beneficial in CHF patients.
Accumulating evidence suggests that long-term exercise training (ExT) as a nonpharmacological treatment for CHF increases exercise capacity, reduces sympathoexcitation, and improves cardiovascular function in CHF animals and patients (2, 18, 29) . Furthermore, our recent study (46) showed that the exaggerated EPR in the CHF state can be prevented by ExT at an early stage of CHF (2 wk after coronary ligation). However, the underlying central and peripheral mechanisms by which ExT prevents the exaggerated EPR in the CHF state remain to be identified. ExT improves peripheral skeletal myopathy (e.g., muscle atrophy, decreased peripheral blood flow, fiber-type transformation, and reduced oxidative capacity) in CHF (9, 14) . Therefore, it is likely that ExT affects the sensitivity of muscle afferent endings in the CHF state. To test this hypothesis, we took advantage of the technique of single fiber recording to investigate the effect of ExT at an early stage of CHF on the sensitivity of group III and IV afferents in sham-operated and CHF rats. Furthermore, based on our previous study (44) indicating that purinergic 2X receptor (P2X) and the transient receptor potential vanilloid 1 (TRPV1) receptors mediate the altered sensitivity of muscle afferents in the CHF state, we also investigated whether ExT prevented the dysfunction of P2X and TRPV1 receptors in the CHF state. Model of CHF. CHF was produced by left coronary artery ligation; sham-operated rats were prepared in the same manner but did not undergo coronary artery ligation. The procedure was described in our previous studies (44, 46) . Briefly, the rat was ventilated at a rate of 60 breaths/min with 3% isoflurane during the surgical procedure. A left thoracotomy was performed through the fifth intercostal space, the pericardium was opened, the heart was exteriorized, and the left anterior descending coronary artery was ligated. Sham-operated rats were prepared in the same manner but did not undergo coronary artery ligation. All the rats survived the sham surgery. However, ϳ70% of rats survived the coronary artery ligation surgery.
METHODS

Experiments
In this study, the cardiac function in all experimental animals was measured by echocardiography (VEVO 770, Visual Sonics) as previously described. In addition, at the end of each acute experiment, a Millar catheter (SPR 524; size, 3.5-Fr; Millar Instruments, Houston, TX) was advanced through the carotid artery into the left ventricle (LV) to determine LV end-diastolic pressure (LVEDP) and LV systolic pressure (LVP). The rats were then euthanized with an overdose of pentobarbital sodium. The hearts and lungs were removed, and the ratio of the infarct area to whole LV minus septum was measured.
Exercise training protocol. All animals were divided into four groups: shamϩsedentary (Sed) (n ϭ 42), shamϩExT (n ϭ 42), CHFϩSed (n ϭ 42), and CHFϩExT (n ϭ 46). Rats (CHF, n ϭ 3; Sham, n ϭ 2) that were unwilling to run steadily on the treadmill were excluded from the analysis. Rats were treadmill trained as described previously by us and others (27, 30) . Generally, ExT was started 2 wk after coronary ligation or sham operation. Rats ran at an initial speed of 10 m/min, 0% grade; 10 -15 min/day during the first week. The speed and grade of treadmill were gradually increased to 25 m/min and 10% grade, and the exercise duration was increased to 60 min/day during the second and third week. Since the fourth week, Sham and CHF rats had the same average period of time and total workload (25 m/min, 10% grade, 60 min/day, 5 days/wk, 5-7 wk). Sedentary rats were used as the control. Echocardiography was performed on all rats at the completion of ExT. To assess the effectiveness of ExT, exercise performance in all four groups was evaluated by measuring the intolerance time during treadmill running (50 m/min, 10% grade) at the completion of the ExT period. Briefly, the exercise tolerance test consisted of walking at 25 m/min (10% grade) for 2 min, followed by a quick increase in speed to 50 m/min. The intolerance time was calculated by determining the time from the 50 m/min speed was started until the rat reached exhaustion. Time to exhaustion was determined when the rat sat at the lower end of the treadmill near a shock bar for more than 10 s. Furthermore, citrate synthase activity from soleus muscle homogenate was measured spectrophotometrically as described previously (30, 46) .
Acute surgical preparation. Rats were initially anesthestized with 5% isoflourane and maintained on 2-3% isoflourane in oxygen. A jugular vein and the trachea were cannulated. As indicated above, the right carotid artery was catheterized for measurement of mean arterial pressure (MAP) and HR. Body temperature was maintained between 37°C and 38°C by a heating pad. A catheter was placed in the right iliac artery with its tip advanced to the abdominal aortic bifurcation, ensuring that the drugs were delivered to the left hindlimb through the left iliac artery without interrupting flow.
Decerebration. The decerebration procedure was performed as described previously (44, 45, 47) . Briefly, under isoflurane anesthesia, rats were placed in a stereotaxic apparatus (Stoelting, Chicago, IL) and customized spinal frame. Dexamethasone (0.2 mg iv) was given to reduce brain edema and inflammatory responses from the decerebration. The remaining intact carotid artery was isolated and ligated to reduce bleeding during decerebration. Subsequently, a portion of bone superior to the central sagittal sinus was removed. The cerebral cortex was gently aspirated to visualize the superior and inferior colliculi. With the use of a blunt instrument, the brain was perpendicularly sectioned precollicularly and the transected forebrain aspirated. A minimum recovery period of 1.25 h was employed postdecerebration before data collection began.
Recording of group III and group IV afferent impulse activity. To directly address the issue whether ExT improves the abnormal sensitivity of group III and IV afferents in the CHF state, we recorded the impulse activity of thinly myelinated group III (A␦) and group IV (C) fibers in shamϩSed, shamϩExT, CHFϩSed, and CHFϩExT. Group III afferents were activated by either passive stretch of the triceps surae muscles using a calibrated rack and pinion system (Harvard Apparatus) or static contraction induced by electrical stimulation of the peripheral end of L4 or L5 ventral roots, whereas group IV were activated by either static contraction or hindlimb intra-arterial (IA) injection of capsaicin. For electrical stimulation of ventral roots, a laminectomy exposing the lower lumbar portions of the spinal cord (L2-L6) was performed. The dura of the cord was cut and reflected, allowing visual identification of the L4-L6 spinal roots. The dorsal and ventral roots of L4 and L5 were carefully separated. The ventral roots were sectioned and the cut peripheral ends were positioned on insulated bipolar platinum electrodes. The exposed neural tissue was covered in a pool of warm mineral oil (37°C). The animals were secured within the spinal adaptor (Stoelting, Wood Dale, IL) by clamps placed on rostral lumbar vertebrae. Furthermore, the pelvis was stabilized with steel posts within the frame, and the hindlimb containing the triceps surae muscles under study was fixed in one position with clamps.The angle of the hip and knee was 120°and 80°, respectively. The calcaneal bone was sectioned and the Achilles' tendon connected to a force transducer (model FT-03, Grass Instruments, West Warwick, RI) for the measurement of muscle tension. Electrical stimulation was performed using a Grass Instruments S88 stimulator. Electrically induced static muscle contraction of the triceps surae was performed by stimulating the L4 or L5 ventral roots for about 30 -35 s. Constant-current stimulation was used at 2.5 times motor threshold (defined as the minimum current required to produce a muscle twitch) with a pulse duration of 0.1 ms at [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . To minimize or eliminate the stimulus artifact, we recorded the group III afferent impulse from L4 dorsal root in response to static contraction induced by electrical stimulation of the L5 ventral root.
The procedures used for single-fiber recording was similar to that described by Kaufman et al. and Mense et al. (13, 15, 25) . Group III and IV fibers with endings in the triceps surae muscle were recorded from the cut peripheral ends of L4 or L5 dorsal roots. First, we determined the fibers whose receptive fields were in the triceps surae muscle. Only those group III and IV afferents whose receptive fields had been located in the triceps surae muscle were studied. The receptive fields of group III and IV muscle afferents were located by several methods as described previously (25, 44) . These methods are briefly desribed as the following. The first is by slightly touching or stroking the surface of the tissue with a blunt forceps; this stimulus was repeated about once every second. This stimulus is most likely to activate mechanoreceptors in the receptive field. The second is moderate pressure. Innocuous steady deformation of the tissue for 15 s is applied using a forceps with broadened tips. Finally, noxious pressure is performed by squeezing the tissue with the same forceps for 15 s; this stimulus is perceived as painful, which is likely to activate a metaboreceptor.
Group III and IV fibers were then defined by conduction velocity. Group III fibers conduct at 1.5-15 m/s and group IV fibers conduct at less than 1.5 m/s (13, 15, 22, 44) . To measure the conduction velocities of fibers with endings in the triceps surae muscle, we stimulated the tibial nerves and recorded the conduction time from the stimulating electrode to the recording electrode in the dorsal root by using Scope software (AD Instruments). The conduction distance between the two points was measured, and conduction velocity was calculated by dividing the conduction distance by the conduction time. Finally, we examined 10 sweeps from one spike to identify whether it came from a single muscle afferent or not. In some cases, if the spikes came from two separate group III afferents, we used a window discriminator (model 121, WPI, Sarasota, FL) to isolate and record the impulse of the individual fiber.
Drugs and injected solutions. To determine whether P2X receptors mediate the potential beneficial effect of ExT on the sensitization of group III afferents in the CHF state, pyridoxal phosphate-6-azophenyl-2=,4=-disulfonic acid (PPADS), an antagonist of the P2X receptor, was administrated via hindlimb IA infusion (10 mg/kg, 0.2 ml, 10 min) using a syringe pump (model 310; Stoelting). The responses of group III afferents to either static contraction or passive stretch were compared before and after IA treatment with PPADS in each group of rats.
Hindlimb IA bolus injections of capsaicin (0.2 or 2.0 g/0.15 ml) were used to activate the group IV afferents in each group of rats. Briefly, a catheter was placed in the right iliac artery with its tip advanced to the abdominal aortic bifurcation, ensuring that capsaicin was delivered to the left hindlimb through the left iliac artery. It should be pointed out that we did not reversibly ligate the common iliac vein by vascular occlusion to trap capsaicin in the hindlimb as previously described (46) . In that study, we limited capsaicin delivery to the left hindlimb to eliminate any concern of the cardiovascular response to capsaicin being due to a systemic rather than local effect (i.e., stimulation of afferent endings). However, because we carried out direct afferent recordings in the current study this concern is moot.
PPADS was purchased from Fisher Scientific and was dissolved in saline before use. Capsaicin was purchased from Sigma and was dissolved in alcohol and then diluted with saline.
Western blot analysis. For Western blot analysis, rats (n ϭ 5/each group) were anesthetized with pentobarbital sodium (40 mg/kg ip). Cardiac function such as LVEDP was first determined. Then the rats were euthanized with an overdose of pentobarbital sodium (150 mg/kg iv). The L4/L5 dorsal root ganglions (DRG) were rapidly removed and lysed with 20 mM Tris·HCl buffer, pH 8.0, containing 1% Nonidet-40, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1% ␤-mercaptoethanol, 0.5 mM dithiothreitol, and a mixture of proteinase and phosphatase inhibitors (Sigma). The hearts and lungs were also removed, and infarct size was measured as indicated above. Protein concentration was measured by the BCA protein assay method using bovine serum albumin as standard. The proteins were loaded onto a 10% SDS-PAGE gel along with protein standards (Bio-Rad Laboratories) in a separate lane for electrophoresis and then transferred to polyvinylidene fluoride membrane. The membrane was probed with rabbit polyclonal antibody against P2X3 (1:1,000 dilutions, Santa Cruz Biotechnology) or TRPV1 receptors (1:1,000 dilutions, Santa Cruz Biotechnology) and secondary antibody of goat anti-rabbit IgG (1:5,000 dilutions, Pierce Chemical). The protein signals were detected by enhanced chemiluminescence reagent (Pierce Chemical) and analyzed using UVP BioImaging Systems. GAPDH (1:1,000, Santa Cruz Biotechnology) was used to verify equal protein loading, and the densitometric results of P2X3 and TRPV1 receptors were reported as the ratio to GAPDH.
Immunohistochemistry. Rats (n ϭ 5/each group) were anesthetized with pentobarbital sodium (40 mg/kg ip). Cardiac function such as LVEDP was first determined. At the end of the experiment the rats were perfused through the aorta, first with 100 ml heparinized saline followed by 500 ml 4% paraformaldehyde in 0.1 mol/l sodium phosphate buffer (PBS, pH ϭ 7.4). The L4/L5 DRGs were immediately dissected and immersed in 4% paraformaldehyde in 0.1 mol/l PBS (pH ϭ 7.2) overnight at 4°C. The tissues were then transferred to 30% sucrose in PBS and kept in the solution until they sank to the bottom. Thereafter, the blocks were rapidly frozen, and 14-m sections were cut on a Leica cryostat and thawed onto gelatin-coated slides. Since the slices were 14 m thick, and the DRG neuron soma ranged from Ͻ10 m to over 100 m, the same neuron could potentially be counted twice. Therefore, we counted every seventh slice.
For triple immunostaining of P2X3 or TRPV1 receptors, sections were stained with the isolectin IB4 (a C-fiber neuron marker) (43) and NF200 (an A-fiber neuron marker) (6) . Ganglionic sections, after being preincubated in 10% goat serum for 60 min, were incubated with rabbit anti-P2X3 or anti-TRPV1 antibody (1:200 dilution, Santa Cruz Biotechnology) and mouse anti-NF200 antibody (1:200 dilution, Abcam, Cambridge, MA) overnight at 4°C. Sections were then washed with PBS and incubated with fluorescence-conjugated secondary antibody (1:200, Alexa 488-conjugated goat anti-rabbit IgG and pacific blue-conjugated goat anti-mouse IgG, Invitrogen) and Alexa FluorR 568 conjugated isolectin-B4 (1:200, Invitrogen) for 60 min at room temperature. After three washes with PBS, the sections were mounted on precleaned microscope slides. Slides were observed under a Leica fluorescent microscope with corresponding filters. Pictures were captured by a digital camera system. No staining was seen when a negative control was performed with PBS instead of the primary antibody (data not shown).
Counts were obtained from the total number of IB4-(C fiber) or NF200-positive (A fiber) neurons. The percentage of neurons positive for P2X3 or TRPV1 for A or C neurons was calculated. A neuron was considered to be "positive" when the measured intensity of immunostaining was more than five times greater than the background. Ten sections from each DRG were analyzed for a total of 5 rats in each group.
Data acquisition and statistical analysis. Muscle tension and impulse activity of group III and IV afferents were acquired using PowerLab software (AD Instruments). Baseline values were determined by analyzing at least 30 s of the data before muscle contraction. The peak response was determined during the period of the greatest change from baseline. The tension-time index (TTI) was calculated by integrating the area between the tension trace and the baseline level (expressed in kg ϫ s). Peak developed tension was calculated by subtracting the resting tension from the peak tension and is expressed in grams. All values are expressed as means Ϯ SE. Differences between groups were determined by a two-way ANOVA followed by the Tukey post hoc test. Changes in TTI, peak developed tension, and discharges of group III and IV afferents before and after arterial administration of chemicals were determined by paired t-test. P Ͻ 0.05 was considered statistically significant.
RESULTS
Evaluation of body weight, organ weight, baseline hemodynamics, and exercise performance. Echocardiographic and hemodynamic measurements of all groups of rats are summarized in Table 1 . The heart weight and lung weight-to-body weight ratios were significantly higher in CHFϩSed rats than that in shamϩSed rats, suggesting cardiac hypertrophy and substantial pulmonary congestion in the CHF state. Moreover, in CHFϩSed rats, a gross examination revealed a dense scar in the anterior ventricular wall. The mean infarct area was 42.7 Ϯ 1.8% of the LV area. No infarcts were identified in shamϩSed rats. Pleural fluid and ascites were also found in the CHFϩSed rats but none in the shamϩSed rats. Compared with shamϩ Sed rats, there was a slight but significant decrease in baseline MAP in CHFϩSed rats. However, there was no significant difference in baseline HR between shamϩSed and CHFϩSed rats. Furthermore, CHFϩSed rats exhibited elevated LVEDP and reduced ejection fraction and fractional shortening compared with shamϩSed rats, indicating decreased cardiac function. Finally, CHFϩSed rats exhibited a significant decrease in exercise performance compared with shamϩSed rats, indicating that exercise intolerance occurs in these CHFϩSed rats. After ExT, indices of cardiac function were not significantly different between CHFϩSed and CHFϩExT rats, whereas exercise intolerance was reduced in CHFϩExT rats. ExT did not significantly affect MAP and HR in sham and CHF rats.
Citrate synthase (CS) activity, an important marker of skeletal muscle aerobic metabolism, increased by 52% in the soleus muscle of shamϩExT rats and by 45% in CHFϩ ExT rats compared with their respective controls ( Table 1) .
Characteristics of group III and group IV afferents. We recorded the impulse activity of 122 group III afferents (31 fibers from shamϩSed rats, 26 fibers from shamϩExT rats, 32 fibers from CHFϩSed rats, and 33 fibers from CHFϩExT rats) and 86 group IV afferents (23 fibers from shamϩSed rats, 19 fibers from shamϩExT rats, 21 fibers from CHFϩSed rats, and 23 fibers from CHFϩExT rats), each of which had its receptive field in the triceps surae muscle including the calcaneal tendon and the junction and the belly of this muscle. For the most part, group III afferents responded to light mechanical probing of their receptive fields, whereas group IV afferents responded to noxious pinching of their receptive fields. Group IV afferents did not respond to gentle stroking or nonnoxious pinching of the muscles. The conduction velocities of group III fibers were not different among all four groups (shamϩsed, 5.5 Ϯ 0.6 m/s; shamϩExT, 6.1 Ϯ 0.7 m/s; CHFϩSed, 6.5 Ϯ 0.7 m/s; CHFϩExT, 5.9 Ϯ 0.5 m/s). Similarly, the conduction velocities of group IV fibers were not different among four groups (shamϩsed, 0.65 Ϯ 0.13 m/s; shamϩExT, 0.82 Ϯ 0.11 m/s; CHFϩSed, 0.72 Ϯ 0.13 m/s; CHFϩExT, 0.58 Ϯ 0.14 m/s).
Discharge of group III afferents in response to either static contraction or passive stretch in sham and CHF with and without ExT. In shamϩSed rats, 20 of 31 group III fibers were activated by static contraction. Furthermore, 12 of 20 group III fibers were also responsive to passive stretch, a purely mechanical stimulus. In the remaining 11 group III fibers that were unresponsive to static contraction, 6 were still activated by stretch, consistent with the previous findings of us and others (10, 44) , suggesting that there is not complete overlap between stretch-sensitive and contraction-sensitive group III fibers. A similar result was observed in the other three groups. In all four groups, those group III fibers that did not respond to either static contraction or passive stretch were consequently excluded from data analysis. A common characteristic of a group III afferent response to static contraction was a sudden explosive burst of discharge during the onset of contraction, followed by an adaptive decrease during the steady-state period of contraction ( Fig. 1) . A similar phenomenon was seen in stretch-induced discharge of group III afferents.
Compared with shamϩSed rats, CHFϩSed rats exhibited 1) an exaggerated peak response of group III afferents to either static contraction or passive stretch ( Figs. 1 and 2) and 2) the increased duration of group III afferent discharge during either contraction or stretch (contraction, 23.0 Ϯ 1.4 vs. 13.4 Ϯ 0.8 s, CHFϩSed vs. shamϩSed, P Ͻ 0.05; stretch, 21.6 Ϯ 1.2 vs. 11.5 Ϯ 0.8 s, CHFϩSed vs. shamϩSed, P Ͻ 0.05), which was consistent with our previous findings (44) that group III afferents are sensitized in CHF rats. However, 8 -10 wk of ExT prevented the increased peak response of group III afferents to both contraction and stretch in CHF rats without any effect in sham rats ( Figs. 1 and 2 ). In addition, ExT also prevented the increased firing duration of group III afferents during either contraction or stretch in CHF rats (contraction, 23.0 Ϯ 1.4 vs. 13.7 Ϯ 1.0 s, CHFϩSed vs. CHFϩExT, P Ͻ 0.05; stretch, 21.6 Ϯ 1.2 vs. 12.6 Ϯ 0.9 s, CHFϩSed vs. CHFϩExT, P Ͻ 0.05) with no effect in sham rats (contraction, 13.4 Ϯ 0.8 vs. 15.4 Ϯ 1.1 s, shamϩSed vs. shamϩExT, P Ͼ 0.05; stretch, 11.5 Ϯ 0.8 vs. 13.0 Ϯ 1.0 s, shamϩSed vs. shamϩExT, P Ͼ 0.05).
Discharge of group IV afferents in response to either static contraction or capsaicin in sham and CHF with and without
ExT. Seventeen of 23 group IV fibers in shamϩSed rats, 16 of 21 group IV fibers in shamϩExT rats, 15 of 19 group IV fibers in CHFϩSed rats, and 18 of 23 group IV fibers in CHFϩExT rats were activated by static contraction. In all contractionsensitive group IV afferents, 14 fibers in shamϩSed rats, 12 fibers in shamϩExT rats, 11 fibers in CHFϩSed rats, and 14 fibers in CHFϩExT rats were also responsive to hindlimb IA injection of capsaicin. Those group IV fibers that did not respond to either static contraction or capsaicin were consequently excluded from data analysis, including 2 fibers in shamϩSed rats, 3 fibers in shamϩExT rats, 1 fiber in CHFϩSed rats, and 2 fibers in CHFϩExT rats.
Although both respond to static contraction, group IV afferents often do not discharge at the onset of contraction as do group III afferents. Instead, the onset latencies of group IV afferents responding to static contraction were longer than those of group III afferents (Fig. 3) . Compared with shamϩSed rats, CHFϩSed rats exhibited a decreased peak response of group IV afferents to either static contraction or capsaicin. Furthermore, there was an increased latency of group IV afferents in response to contraction in CHFϩSed rats (21.1 Ϯ 1.8 s, n ϭ 15, P Ͻ 0.05) compared with shamϩSed rats (15.8 Ϯ 0.8, n ϭ 17). All data mentioned above indicated that that the group IV afferents are desensitized in CHF ϩSed rats, which was consistent with our previous finding in CHF rats (44) . ExT only partially prevents the blunted peak response of group IV afferents to either static contraction or capsaicin in CHF rats without any effect in sham rats (Figs. 2 and 3) . ExT also prevented the increased latency of group IV afferents in response to contraction in CHF rats ( Effect of PPADS on the discharge of group III afferents in response to either static contraction or passive stretch in sham and CHF with and without ExT. Our recent study (44) demonstrated that P2 receptors mediate the abnormal sensitization of group III afferents in CHF. To determine whether ExT prevents the abnormal sensitization of group III afferents by restoring the dysfunction of P2 receptors PPADS, an antagonist of P2 receptors, was administrated via hindlimb IA infusion in shamϩSed, shamϩExT, CHFϩSed, and CHFϩExT rats. As shown in Fig. 4 , PPADS did not change the baseline activity of group III afferents (Fig. 4A) , whereas it attenuated the discharge of group III afferents in response to either static contraction or passive stretch in all four groups (Fig. 4, B and  C) . Furthermore, PPADS attenuated the discharge of group III afferents in response to either static contraction (Fig. 4B ) or passive stretch (Fig. 4C) in CHFϩSed rats to a greater extent than in shamϩSed rats, which was normalized by ExT (n ϭ 10/each group). There was no significant difference in the effect of PPADS on the discharge of group III afferents in response to either static contraction or passive stretch between shamϩSed and shamϩExT rats. There was no significant difference in TTI generated by static contraction or passive stretch before and after PPADS administration in all four groups (Fig. 4D) .
Protein expressions of P2X3 and TRPV1 receptors in the dorsal root ganglion. Western blot analysis was used to detect P2X3 and TRPV1 protein levels in the intact dorsal root ganglions (DRGs) from shamϩSed, shamϩExT, CHFϩSed, and CHFϩExT rats. As shown in Fig. 5A (left) , the P2X3 protein level was significantly increased by ϳ2.1-fold in the L4/L5 DRG of CHFϩSed rats (n ϭ 5) compared with the shamϩSed control (n ϭ 5), which was prevented by ExT. In contrast to the P2X3 protein expression in DRG, TRPV1 protein was significantly decreased by ϳ56% in the L4/L5 DRG of CHFϩSed rats compared with the shamϩSed control ( Fig. 5B) , which was only partially prevented by ExT.
Immunohistochemical labeling was performed on DRG sections to assess which subpopulation of DRG cells exhibited altered expressions of P2X3 and TRPV1 receptors as indicated by the Western blot analysis. In the DRGs of all four groups, immunostaining of the P2X3 receptor was seen in both IB4positive (C fiber) and NF200-positive (A fiber) neurons (Fig. 6 ). Compared with shamϩSed rats, the immunostaining was generally more intense in both A and C fiber neurons in DRG of CHFϩSed rats (Fig. 6, P2X3 panels, green) . Furthermore, CHFϩSed rats had a greater percentage of DRG neurons positive for P2X3 against for A and C neurons compared with shamϩSed rats (Table 2 ). However, the increased immunostaining of P2X3 receptors in both A and C fiber DRG neurons of CHFϩSed rats was not seen in CHFϩExT rats, indicating that ExT prevents the upregulation of P2X3 receptors in the A and C fiber DRG neurons of CHF rats. Different with P2X3 receptor staining, immunostaining for the TRPV1 receptor was predominantly seen in IB4-positive (C fiber) neurons and a much smaller proportion of NF200-positive (A fiber) neurons (Fig. 7) . Compared with shamϩSed rats, both immunostaining intensity of TRPV1 receptors was decreased in IB4-positive neurons in the DRG of CHFϩSed rats (Fig. 7, third panels,  green) , which was associated with a decreased percentage of DRG neurons positive for TRPV1 for C fiber neurons in CHFϩSed rats (Table 2 ). ExT only partially prevents the decreased immunostaining of TRPV1 receptors in C fiber DRG neurons of CHF rats.
Muscle tension produced by static contraction or passive stretch. In the present study, muscle peak developed tension induced by static contraction ranged from 400 to 550 g in shamϩSed, shamϩExT, CHFϩSed, and CHFϩExT rats. There was no significant difference in TTI during static contraction in all four groups (Table 3 ). In the experiments in which passive stretch was performed, we used two levels of stretch to activate the stretch-sensitive group III afferents in sham and CHF rats. The low level of peak tension was ϳ200 g and the high level was ϳ500 g, which matched the peak tension developed by static contraction. Again, there were no significant differences in TTI during both levels of stretch in all four groups (Table 3) .
DISCUSSION
The primary findings in the present study demonstrate that 8 -10 wk of ExT started at an early stage of CHF prevents the sensitization of group III afferents and partially prevents the blunted sensitivity of group IV afferents in the CHF state. These data provide direct evidence showing that ExT has a beneficial effect on sensitized muscle afferents in the CHF state. Another important new finding of this study is that P2X and TRPV1 receptors are involved in the underlying molecular mechanisms by which ExT improves the abnormal sensitization of the group III and IV afferents in CHF.
Traditionally ExT was considered contraindicated for CHF patients. However, over the past decade numerous clinical trials and small randomized studies have demonstrated that long-term regular exercise is safe in stable CHF patients and increases the quality of life as well as survival (1, 17, 26) . The beneficial effects of ExT include improved autonomic balance, reduced neurohumoral activation, an increase in exercise capacity, and ameliorated myopathy in CHF patients and animals (28, 33, 34) . Furthermore, Piepoli et al. (31) first reported that 6-wk forearm training improved the abnormal exercise-evoked ventilation and cardiovascular responses in CHF patients, suggesting a beneficial effect of ExT on the abnormal muscle (46) demonstrated that 1) ExT initiated at the third week of coronary ligation surgery prevents the exaggerated EPR as well as the excessive sympathoexcitation during static contraction in CHF rats; 2) ExT prevented the enhanced mechanoreflex function in CHF rats; and 3) ExT partially prevented the blunted metaboreflex function in CHF rats. However, these clinical and experimental studies above did not answer the question of whether ExT prevented the exaggerated EPR via either a central or peripheral mechanism. Previous studies (5, 23) have shown that peripheral skeletal myopathy develops in CHF (e.g., muscle atrophy, decreased peripheral blood flow, fiber-type transformation, and reduced oxidative capacity), which can be reversed by ExT (9, 14) . Therefore, it is reasonable to speculate that the improvement of skeletal muscle abnormalites by ExT may subsequently affect muscle afferent function. This hypothesis has been supported by the current study showing that the abnormal sensitivity of group III and IV afferents was improved by ExT. On the other hand, the current study did not exclude the possibility that a central mechanism is also involved in the beneficial effect of ExT on the exaggerated EPR in the CHF state. This question needs to be clarified by additional experiments. In contrast to a complete normalization of increased group III afferent sensitivity, ExT only partially prevented the blunted sensitivity of group IV afferents in response to either static contraction or capsaicin in CHF rats. This observation is consistent with our previous study (46) showing that ExT prevented the enhanced mechanoreflex function and only partially prevented the blunted metaboreflex function in CHF rats. These findings suggest that different molecular mechanisms may be involved in the beneficial effects of ExT on the abnormal sensitivity of group III and IV afferents in the CHF state. Previous studies reported that group III afferents can be sensitized by muscle metabolites during muscle contraction, such as prostaglandins and ATP (11, 19) . Of these metabolites, (19) reported that PPADS, a P2 antagonist, attenuated the responses of group III muscle afferents to static contraction as well as to tendon stretch in decerebrate cats, suggesting that P2 activation sensitizes group III afferents in the normal state. Furthermore, our recent study (44) demonstrated that 1) PPADS attenuated the response of muscle group III afferents to either static contraction or passive stretch in CHF rats to a greater extent than in sham rats; 2) protein expression of P2X3 receptors in DRG was significantly increased in CHF rats compared with sham rats; and 3) increased protein expression of P2X3 receptors in DRG was located on both IB4-positive (C fiber marker) and NF200-positive (A fiber marker) neurons. These findings suggest that ATP and P2X receptors are involved in the mechanism underlying the sensitization of group III afferents in CHF state. In the present study, we found that 1) the greater antagonistic effect of PPADS on the sensitivity of group III afferents observed in CHF rats was prevented by ExT and 2) ExT prevented the upregulation of P2X3 receptors in both A-and C-fiber DRG neurons in CHF rats, indicating that ExT prevented the sensitization of group III afferents, at least in part, by the normalization of the upregulated P2X receptors in the CHF state. With regard to the underlying molecular mechanism by which ExT improves the blunted group IV afferent sensitivity in CHF, we investigated the role of TRPV1 receptors in mediating the desensitization of group IV afferents. TRPV1 receptors are primarily localized to metabolically sensitive afferent fibers (group IV) in skeletal muscle (41) , which is believed to be closely related to the group IV afferent activation. TRPV1 receptors are stimulated by capsaicin and hydrogen ions, the latter being a by-product of muscular contraction (15, 35) . A recent study of Smith et al. (37) reported that TRPV1 blockade attenuated the pressor response to static contraction in decerebrate rats, indicating that TRPV1 plays an important role in evoking the exercise pressor reflex in the decerebrate rat model. In CHF rats, several other studies by this group (37, 39, 41) reported that 1) TRPV1 activation by capsaicin caused a blunted cardiovascular response in CHF rats compared with sham rats, which was confirmed by our recent study (46) ; 2) chronic deletion of TRPV1 receptors in normal rats recaptures the exaggerated EPR observed in CHF rats; and 3) the mRNA level of TRPV1 in DRG and skeletal muscle was decreased in CHF rats compared with sham rats. Furthermore, our recent study (44) demonstrated that 1) the response of group IV afferents to exogenous TRPV1 activation by capsaicin was blunted in CHF rats compared with sham rats; and 2) protein expression of TRPV1 receptor in DRG was significantly decreased in C-fiber DRG neurons of CHF rats. These findings suggest that the TRPV1 receptor plays an important role in causing the blunted group IV sensitivity in the CHF state. In the present study, we found that ExT partially prevents the blunted sensitivity of group IV afferents in response to either static contraction or to administration of capsaicin in CHF rats. This was associated with an improvement in the decrease in protein expression of TRPV1 receptors in C-fiber DRG neurons of CHFϩExT rats. We believe that the current finding provides a mechanism by which ExT improves the blunted sensitivity of group IV afferents in the CHF state.
Limitations. We acknowledge that a potential limitation is that although PPADS antagonizes most P2X receptors, it also antagonizes P2Y receptors. Even for P2X receptors, there are several different subtypes, including P2X1-7 receptors. Although we found that ExT prevented the increased protein expression of P2X3 receptors in the DRG of CHF rats, we cannot exclude the possibility that protein expression of other P2 receptor subtypes in the DRG were affected by ExT and contribute to the beneficial effect of ExT on the sensitization of group III afferents in the CHF state. In addition, considering that 1) direct quantitative measurement of P2X3 and TRPv1 protein expression in afferent terminals is technically unavailable and 2) all proteins can only be synthesized in the neuronal cell body and delivered to the afferent terminal, we measured proteins in the DRG soma as an alternative. Nonetheless, we acknowledge that P2X3 and TRPv1 expression in the DRG may not be reflective of protein expression at the afferent nerve terminals in muscle.
Perspectives and Significance
An exaggerated EPR-induced sympathoexcitation can potentially increase cardiovascular risk and contributes to exercise intolerance during physical activity in CHF patients (8, 32, 39) . A therapeutic strategy for preventing or slowing the progression of the exaggerated EPR may be beneficial in CHF patients. The present study provides direct evidence that longterm exercise training has a beneficial effect on the abnormal sensitization of group III and IV afferents in the CHF state. In addition, we found that the protective effect of ExT on the abnormal sensitization of muscle afferents in CHF rats is associated with the improvement of the P2X and TRPV1 receptors dysfunction respectively. These findings have broad implications for understanding the mechanisms by which ExT improves exercise intolerance and the exaggerated sympathoexcitation during exercise in CHF. Given that we started ExT in the early stages of heart failure (2 wk after coronary ligation) in which the exaggerated EPR has not been developed (38) , the current training strategy indicates a "protective" effect rather than a "curative" effect on the exaggerated EPR and on the abnormal sensitization of muscle afferents in CHF rats. Whether ExT can improve the more established exaggerated EPR in the latter stages of CHF remains unclear.
